The role of cytosolic free Ca2" (ICa2"j,) in hypoxic injury was investigated in rat proximal tubules.
Introduction
Proximal tubules are an important site of injury during renal hypoxia (1) . Intracellular Ca2`has been suggested to be important in the mediation of this hypoxic injury (1, 2) . However, support for this hypothesis has to date been indirect. For example, although hypoxia increases 45Ca2+ uptake in isolated proximal tubules (3) and a time-dependent increase in total cell Ca2+, as assessed by atomic absorption, occurs in tubules during hypoxia (4, 5) , whether this cellular Ca2+ overload is partly retained in the cytosol or completely accumulated by mito-chondria (4) is unknown. Additional evidence supporting a role for Ca2+ in cell injury is the fact that a reduction of extracellular Ca2' during anoxia (4) or hypoxia (6) markedly attenuates cell injury. Also, the calcium channel blockers verapamil and flunarizine have been shown to delay the development of hypoxic injury in proximal tubules (3, 6) . This protective effect was paralleled by a reduction of the increased rate of 45Ca2+ uptake (3) . It has also been shown that an increase in [Ca2+] i, using the Ca2`ionophore ionomycin, induces cell injury in normoxic cultured tubule cells (7) and in isolated proximal tubules (8) .
In contrast, there are other studies that appear to support factors other than a rise in [Ca2+]i in mediating cell injury.
Some of these studies have induced ATP depletion by metabolic inhibitors, rather than by oxygen deprivation (9) , whereas others have evaluated complete oxygen deprivation (anoxia) rather than hypoxia (4, 5, 10) . For example, ATP depletion was induced with either the mitochondrial uncoupler 1799 or the metabolic inhibitor cyanide and no significant early increase in
[Ca2+]i could be observed in rabbit proximal tubules (8, 10 (4, 5) , and no increase in [Ca2+]i was observed (10) . Thus, even though species differences may account, in part, for the variable responses of [Ca2+] i between rat and rabbit tubules, different mechanisms may also exist to account for the injury induced by hypoxia as compared to either anoxia or metabolic inhibitors, i.e., the socalled chemical hypoxia.
Based on these different results using different degrees of oxygen deprivation or chemical hypoxia in different species, it is not surprising that no consensus exists as to whether or not [Ca2+] i increases in proximal tubules during hypoxia (1, 9) . Moreover, if [Ca2+] i increases during hypoxia, a question remains as to whether such an increase is ofpotential pathophysiological importance or is merely a result of the injury. Finally, many of the studies of renal tubules and the responses to anoxia or hypoxia have been conducted in suspensions oftubules wherein only the average responses of many tubules can be evaluated. To our knowledge, no investigation of the changes in [Ca2+] i in temporal relation with cell injury in individual, freshly isolated rat proximal tubules has heretofore been conducted during hypoxia induced by oxygen deprivation.
Recently, we perfected and described a video imaging sys- 
Methods
Preparation of tubules. Proximal tubules were isolated from kidney cortex of male Sprague-Dawley rats (200-300 g) by collagenase digestion and isopycnic centrifugation on Percoll gradients as described elsewhere (3, 6) . The tubules were suspended in a 95% OJ5% CO2 gassed buffer containing (in mM) NaCl 106, NaHCO3 25, KCI 5, CaCl2 1, Na2HPO4 2, MgSO4 1, glucose 5, Hepes 2.5, glutamine 2, sodium butyrate 10, and sodium lactate 4. Aliquots (3-6 ml containing -1.0-1.5 mg protein/ml) were placed in siliconized Erlenmeyer flasks (25 ml) and gassed on ice for 5 min with 95% 0J5% CO2. Thereafter the flasks were capped with rubber stoppers and kept on ice until use.
Induction ofhypoxia. The effects of hypoxia were studied both in individual tubules using video imaging fluorescence microscopy as well as in tubule suspensions. In individual tubules, hypoxia was induced in a customized microperfusion chamber as previously described (12) . Briefly, the tubule suspension was diluted 1:1 with a bicarbonate perfusion buffer. The perfusion buffer was gassed at room temperature with 95% OJ5% CO2 (02 gassed buffer) and contained (in mM) NaCI 113, NaHCO3 18, KC1 5, CaCI2 1, Na2HPO4 2, MgSO4 1, glucose 5, glutamine 1, sodium butyrate 1, and sodium lactate 1 (pH 7.35-7.40 in the presence of 5% CO2 at 37°C). An aliquot ofthis tubule suspension was pipetted onto a Cell-Tak-coated glass coverslip, which was mounted at the base of the microperfusion chamber. This chamber was affixed to the stage of an inverted epifluorescence microscope (Diaphot; Nikon Inc., Garden City, NY). The 02-gassed buffer in the chamber was superfused with 95% OJ5% CO2 at room temperature for 10 min to maintain the P02 (-400 mmHg) and pH (-7.2) while the tubules settled and attached to the coverslip. The chamber was then perfused continuously with 02-gassed buffer at 2 ml/min for 10 min and the temperature gradually increased to 36-37°C with an air stream stage incubator (Nicholson Precision Instruments, Bethesda, MD). Hypoxia was induced by switching to a bicarbonate perfusion buffer pregassed with 95% NJ5% CO2 (N2-gassed) at 37°C (t = 0 min). The buffer was also superfused in the chamber with 95% NJ5% CO2 gas. Under these conditions, the P02 of the perfusate fell rapidly and stabilized at 10 mmHg at the entrance of the chamber as measured by a flow-through 02-electrode (Microelectrodes Inc., Londonderry, NH). Hypoxia was also confirmed by observing an increase in the 450 nm autofluorescence (357 nm excitation) within 1 min ( 118±5% ofbasal, P < 0.05, n = 4 experiments); after 2 min the autofluorescence had increased further ( 133±4% of basal, P < 0.01, n = 4). These data reflect an increase of intracellular NADH (18) .
In control experiments, the chamber was continuously perfused with 02-gassed buffer (continued normoxia) in combination with superfusion of 95% OJ5% CO2. [Ca2+Ji and cell damage were measured before, during, and after hypoxia or continued normoxia using fura-2 and the membrane-impermeable dye PI, respectively, as described below.
For studies performed in tubule suspensions, hypoxia was induced in Erlenmeyer flasks as previously described (3, 6) . Briefly, flasks containing 6-7 ml oftubule suspensions were gassed on ice for 5 min with 95% OJ5% C02, sealed, and then placed in a shaking waterbath at 370C for the remainder of the experiment. After a warming period of 10 min the pH had risen to 7.35. 1 ml of tubule suspension was sampled for measurement ofbaseline lactate dehydrogenase (LDH) release (see below), and experiments were continued. Hypoxia was induced (t = 0 min) by gassing the tubule suspension for 5 min with 95% NJ5% CO2. Control tubules were gassed for 5 min with 95% OJ5% CO2.
After gassing, flasks were resealed. At t = 15 min, samples for LDH measurement were taken. Samples were also taken for measurement of ATP and intracellular potassium.
In other experiments, tubule suspensions were gassed with 95% OJ5% CO2 for 5 min and then incubated for 45 min at room temperature with varying concentrations of BAPTA-acetomethylester (AM), added from a 10 mM stock solution in dry DMS0. These tubules, loaded with BAPTA to chelate [Ca2+]i, were then studied as described above either in the microperfusion chamber or in suspension in flasks after being returned to the 37°C shaking waterbath. Non-BAPTAloaded tubules were treated identically and served as experimental controls. Other experiments were conducted in which the perfusion buffer contained either glycine (2 mM), verapamil (100 qM), or low Ca2+ buffer (1 mM EGTA, 0.7 mM Ca2"). We have previously used these concentrations in the study of isolated rat tubules in suspension (3, 6, 17) . These studies are our first in evaluating their effects in a perfusion chamber.
Video imagingfluorescence microscopy:general. The studies ofindividual tubules were undertaken and analyzed with a customized imaging system (S&M Microscopes, Colorado Springs, CO) as described previously (12) . All images were acquired with an intensified chargecoupled device camera (CCD; Genisys Intensifier, CCD72 camera; Dage-MTI Inc., Michigan City, IN) and processed through an IBM PC/AT computer using image processing software (Image 1, Fluor; Universal Imaging Corp., West Chester, PA). Before and during hypoxia, images of tubules in 10-15 randomly chosen microscopic fields (400 x 300 ,m) were acquired for measurement of [Ca2+]i and cell damage.
All tubules which were clearly visible with a minimum area of 2,500
Mm and whose borders could be clearly identified and were not cov- [Ca2+]i was measured ratiometrically after loading tubules with the Ca2+-sensitive dye fura-2. Tubules were illuminated by a 75 watt Xenon lamp blocked alternatively with a 340-nm or 380-nm excitation filter (340 DF20, 380 DF1O Omega Optical, Brattleboro, VT). These excitation filters were changed using a computer controlled filter wheel (Imec, Charlestown, MA). To reduce photobleaching of fura-2, a neutral density filter was used. A 20x fluor objective was used (Fluor 2OPH3DL, Nikon Inc.). A portion of the microscopic field was imaged onto the intensified CCD camera such that the field size was 300 x 400 ,m. Since the images had a resolution of 512 x 512 pixels, each pixel represented -0.5 Am2. Emitted light, collected through a dichroic mirror with transmission above 400 nm (400 DCLP, Omega Optical) was transmitted through a 510-nm emission filter (510 DF20, Omega Optical). Cell injury was measured with the membrane-impermeable nuclear stain PI as previously described (12) . Briefly, the tubules were illuminated alternatively by phase-contrast light for morphology and measurement of the tubule area and by a 75-W Xenon lamp with a 495-nm excitation filter (495 DF20, Omega Optical) for detection of PI-stained nuclei. A lOX objective (PlanlODL, NA 0.3, Nikon Inc.) was used whose wide plane of focus allowed detection of nuclei throughout the entire tubule. Emitted light, collected through a dichroic mirror with transmission above 580 nm (DM 580, Nikon Inc.) was transmitted through a 620 nm emission filter (620 DF35, Omega Optical) and enlarged with a 2x lens (magnification tugget, Nikon Inc.), which allowed the acquisition ofthe same final field ofview as for
[Ca2+]i measurement (300 x 400 Mm2).
NADH-associated fluorescence (an indicator of the oxidative state ofthe tubules) was measured as autofluorescence in tubules which were not exposed to any fluorescent dye (18) . A 357-nm excitation filter (357 DF13, Omega Optical), a dichroic mirror with transmission above 400 nm (400 DCLP, Omega Optical) and a 450 nm emission filter were used.
Integrity of the mitochondrial membrane was measured with the dye rhodamine, an indicator for mitochondrial membrane potential. In these studies the same filters employed in the measurement of nuclear staining with PI were used.
Movement ofthe microscope stage to other positions permitted the analysis ofseveral other fields containing other tubules. The fields were consecutive, and thus randomly selected without bias. As many as 15 fields containing tubules from the same preparation could be studied in a particular experiment.
Quantitation of[Ca2`]i in individual tubules. Tubules (-1 mg/ml) were loaded with 5 MM fura-2/AM (Molecular Probes, Inc., Eugene, OR) for 45 min at room temperature before the tubules were transferred to the perfusion chamber. A 1 mM stock solution of fura-2/AM was prepared fresh for each experiment in dry DMSO with 5% w/vol pluronic F127. The intracellular fura-2 concentration was estimated by comparison with the fluorescence of various concentrations of fura-2 pentapotassium salt in 50,Ml buffer sandwiched between two coverslips (19) and was found to be -15 MM. This concentration of fura-2 has been found not to significantly decrease [Ca2+]i due to Ca2'-chelation (19) . The fluorescence at the isosbestic wavelength (357 nm excitation), a measure of the fura-2 concentration, decreased by 1.5%/min, probably due to leakage and/or transport of fura-2. The anion exchange inhibitor probenecid did not significantly inhibit this decrease offura-2 (data not shown). For this reason, i.e., leakage, we terminated most of our normoxic experiments within 30 min.
The cytoplasmic localization of fura-2 was confirmed using digitonin to selectively permeabilize tubule membranes (8) . Exposure to 10 MM digitonin in the presence of 1 mM extracellular Ca2" abolished the fura-2 fluorescence, indicating complete release of fura-2 from the tubules. Under this experimental condition, the mitochondrial membranes were unaffected, since the fluorescence of simultaneously loaded rhodamine (10 Mg/ml rhodamine), an indicator of mitochondrial membrane integrity, was not altered. It was necessary to increase the digitonin concentration to 100 MM to reduce this mitochondrial associated fluorescence of rhodamine (data not shown).
The quantitative measurements with fura-2 are also potentially complicated by the contribution of autofluorescence. However, autofluorescence (at 510 nm) was at least eight times smaller than the fura-2 signal in fura-2 loaded tubules. Moreover, despite changes in NADHassociated fluorescence, autofluorescence in the fura-2 wavelength (510 nm) did not change during hypoxia. To further prove that changes in autofluorescence did not influence the fura-2 signal, the fluorescence offura-2-loaded tubules was also measured during hypoxia in the presence of the intracellular Ca2+ chelator-BAPTA. In this condition the autofluorescence of NADH associated fluorescence did not influence the fura-2 signal. For these reasons, no corrections were made for changes in autofluorescence at the fura-2 wavelengths used for the [ were excluded from further study (usually <5% of the preparation).
Assessment ofhypoxia induced cell damage. In individual tubules, hypoxia induced cell damage was assessed with the membrane-impermeable, nuclear stain PI as previously described (12, 21) . Briefly, images of PI fluorescence of nuclei in cells of tubules were acquired after a 1-min exposure to PI and a 1-min washout period. PI does not interfere with the [Ca2"Ji measurements because it is not fluorescent at the wavelengths used to measure the fura-2 fluorescence. Since PI stains nuclei only in cells that have a compromised integrity in the plasma membrane, a fluorescent nucleus represents a cell with a damaged plasma membrane. The number of PI-stained nuclei in each tubule was therefore measured under control conditions and during and after hypoxia. Cell damage was estimated by normalizing the number of PI-stained nuclei to the area of the tubules at the beginning of the experiment. Under these conditions PI-staining of 58 nuclei/10,000
Mm represents damage to 100% of the cells of a tubule as described in detail elsewhere (12) . The results are reported as % damage, which is obtained by dividing the number of stained nuclei/10,000 ,nm2 by 58. Any individual tubule which showed significant damage (>20% PI staining) at the beginning of the experiment was excluded from further analysis. These comprised <5% ofall tubulesexamined and likely represented damage induced by the isolation procedure.
In tubular suspensions which were prepared in parallel, cell damage was assessed by percent LDH release (3, 6, 17, 22) , i.e., LDH activity in the supernatant as percentage of total LDH activity. We have previously found that the assessment of plasma membrane damage by PI staining and by LDH release correlate highly (12) .
A TP and intracellular potassium concentration. In tubule suspensions, ATP and intracellular potassium concentrations were measured by HPLC and atomic absorption spectrometry, respectively, as previously described (6 (Fig. 1) . This early, progressive increase in [Ca2+]i was reversible, since [Ca2+]I decreased to basal levels within 2 min of reoxygenation (Fig. 2 ). In oxygen-perfused control tubules, PI staining at baseline averaged 7.2%±0.5% PI-stained nuclei, with a slight increase (16.6%±0.7%, n = 7) occurring over the next 30 min. Hypoxia caused significant cell injury as reflected by a time-dependent increase in the number of PI-stained nuclei. However, unlike the prompt increase in [Ca2"Ji, the number ofPI-stained nuclei did not increase significantly until after 10 min of hypoxia. Specifically, in the first 10 min ofhypoxia PI staining increased only slightly (from 7.1%±0.3% to 12.1%±1.0% stained nuclei, NS, n = 19). In contrast, in the succeeding 20 min of hypoxia the number of PI-stained nuclei increased quite significantly (20 min of hypoxia, 50.3%±4.0% stained nuclei; 30 min of hypoxia; 76.0%±3.3%; both P < 0.001 vs. 10 min ofhypoxia, n = 19).
In the next set of experiments, both PI staining and [Ca2+] were studied concurrently in the same individual tubules.
[Ca2+]i was measured after 10 min of hypoxia and PI staining after 20 min of hypoxia. These timepoints were chosen to determine the correlation between increases in [Ca2+]i and the (Fig. 7) . This protection occurred even when the glycine was added after 10 min of hypoxia, i.e., after [Ca2+]i increased (25.2±2.6% PI at 30 min N2 vs. 73.1±5.7% without glycine, P < 0.01). As with BAPTA, however, glycine does not protect against the fall in ATP or K+ (17) . 
Discussion
Ca2' ions have been proposed to be one ofthe major contributors to the functional, biochemical, and morphological derangements that characterize ischemic or hypoxic insults to in situ kidneys or isolated perfused kidneys (2) . This proposal is based partly on the protective effects in dog (23, 24) , rat (25, 26) , and human kidneys (27, 28) of intrarenal or systemic infusions of various, chemically dissimilar Ca2+ channel blockers (CCB). It has been suggested, however, that much ofthe functional renal protection could be explained by renal vascular effects of CCB with the cytoprotective effects on tubular function occurring secondary to improved perfusion. Verapamil and diltiazem, (Fig. 3) . for example, correct the impaired autoregulation ofrenal blood flow and reduce the hypersensitivity to renal nerve stimulation observed in ischemic rat kidneys (26) . These vascular effects in intact kidneys make it virtually impossible to attribute unambiguously a direct protective effect of CCB on renal tubules. However, since other renal vasodilators such as acetylcholine or bradykinin, do not afford functional or tubular protection, it has been suggested that the CCB may directly prevent Ca2" mediated renal tubule injury during oxygen deprivation (2). Nephron segments have been studied in isolation, either by using freshly isolated tubules in suspension or tubules in primary culture, to evaluate the possibility ofa direct tubular protection by CCB and to understand the role of Ca2" ions in mediating renal tubule cell injury. In this regard we have previously performed studies in freshly isolated rat renal proximal tubule preparations (3, 6, 17) and in primary cultures of rabbit tubules (29, 30) to define the role of Ca2+ in mediating the oxygen deprivation injury. The results have shown that hypoxia or anoxia in rat proximal tubules is accompanied by an increased Ca2" influx from the media into the cells and an elevation in LDH release as an index ofcell membrane damage (3). Chemically dissimilar CCB, verapamil or flunarizine, prevented the increased rate of Ca2" influx and LDH release after 10 min but not 20 min of hypoxia (3) . In other studies, when Ca2' entry into primary cultures of anoxic rabbit tubules was prevented by CCB or its effects blocked by calmodulin inhibitors, cell viability was also increased (30) . Finally, with removal of Ca2" either from the media bathing rabbit primary cultures for the first 2 hours of reoxygenation (29) or from the media containing suspensions ofrat proximal tubules during hypoxia (6) enhanced cell viability resulted. Together, these results supported the hypothesis that Ca2+ ions enter hypoxic or anoxic tubules and lead to an increase in [Ca2+]j which, via calmodulin activation or other mechanisms, may initiate pathways leading to cell injury or cell death. It is known, however, that tubular necrosis during renal ischemia in vivo or hypoxic injury in vitro either in tubule suspensions or in primary cultures is a heterogenous phenomena. Thus, it has been difficult to examine conclusively whether the onset ofthe pertubations in cellular Ca2' kinetics antedates, coincides with or is a sequelae of cellular membrane damage.
In the present study we have isolated proximal tubules from normal rat kidneys by percoll gradient centrifugation and studied these preparations concurrently both with the conventional technique oftubule suspensions and in a customized perfusion chamber using video microscopy to study individual tubules. The perfusion chamber used in the video imaging system and the dissimilar fluorescent wavelengths optimized for fura-2 and PI permits the quantitative assessment oftime-related changes in cytosolic-free Ca2" and membrane permeability to PI in the same tubule in response to an hypoxic insult. This technology also permitted us to identify tubules damaged, presumably by the isolation procedure, and thereby to reduce the degree of heterogeneity associated with suspension measurements.
The perfusion chamber used with the video imaging system also provides control over several variables which may complicate interpretation ofresults obtained with other methods. The perfusion chamber is a flow through system which prevents accumulation of waste products, continuously supplies nutrients and maintains P02 at constant levels during normoxia and at constant low levels during hypoxia. pH, Pco2, and temperature are also maintained constant throughout the experi- (12, 29) . In the present study using the video imaging system/perfusion chamber, there was a strong correlation between the early rise in cytosolic free Ca2`at 10 setting, either using tubules in suspension or the video imaging system with the perfusion chamber, the evidence ofmembrane damage in these systems, namely LDH release and PI nuclear staining, respectively, was significantly decreased. The protection against membrane damage which was afforded by BAPTA was not accompanied by reversal of the fall in cellular ATP and K+ which is a consistent accompaniment of hypoxia. In fact, ATP levels appeared to be slightly lower in hypoxic BAPTA-treated tubules compared to hypoxia alone. Others have also reported an effect ofBAPTA to decrease cellular ATP (33) . Thus, it is all the more impressive that in spite of a modest detrimental effect of BAPTA to normal tubules, BAPTA treatment delayed the onset ofhypoxia-induced membrane damage.
While virtually complete protection against hypoxia-induced membrane damage was observed at 15 min of hypoxia in tubules treated with BAPTA, significant but not complete membrane damage persisted after 20 and 30 min of hypoxia as assessed by PI staining. It is therefore not unreasonable to invoke cytosolic Ca2+-independent injury mechanism(s) at 20 min or longer of hypoxia. The conclusion that cytosolic Ca2+-independent mechanisms accounted for part of the hypoxic injury at 20 min which occurred in spite of 100 gM BAPTA was, however, speculative for the following reasons. When the membrane damage to the proximal tubules occurred not only did the normally membrane-impermeable dye PI enter the cells but the fura-2 leaked out ofthe cell. This made it impossible to judge whether the 100 ,gM BAPTA was effective in completely preventing the known progressive rise in [Ca2+] during continued hypoxia (see Fig. 1 In summary, using a video imaging system and a perfusion chamber the temporal and quantitative responses to hypoxia were evaluated in individual rat proximal tubules and tubule cells. The perfusion chamber system allowed for the meticulous control of Po2, Pco2, and pH and avoided the accumulation of metabolic products or deficiency of nutrients. The results clearly demonstrated that a significant rise in cytosolic free Ca2+ occurred within the first 2 min of hypoxia and pre- 
